Abstract -This paper proposes a maximum efficiency operation strategy for three-level T-type inverter in entire operation areas. The three-level T-type inverter has higher and lower efficiency areas compared with two-level inverter. The proposed strategy aims to operate in the maximum efficiency point for the low-voltage and low-power home appliances. The three-level T-type inverter is analyzed in detail, and the two operation mode selection strategy is developed. The proposed algorithm is verified by theoretical analysis and experimental results.
Introduction
Voltage source inverters are widely used in many applications, such as industrial systems and home appliances, to achieve energy conservation and to improve high motion control quality. Especially, the two-level inverter to drive a multi-pole permanent magnet synchronous motor is a general choice for modern home appliances and industrial systems [1, 2] . In recent years, the low-voltage applications with 270V~600V DC link voltage for home appliances is continually increased and for higher efficient energy conversion and low cost, the micro-control unit and the power electronics technology are advanced [3] .
A two-level voltage source inverter is commonly used for home appliances and industrial systems since its configuration is simple and the reliability is sufficiently ensured. However, there is a limit to improve the two-level inverter efficiency and performance because two-level inverter output voltage is decided by ±V DC /2. Furthermore, the inverter efficiency and performance are varied according to the switching method. In the case of the six-step modulation, the switching loss can be reduced, but the copper loss and torque ripple are increased because of the low frequency harmonics. The pulse width modulation method (PWM) is commonly used to solve the harmonic problem of this six-step method in many applications. PWM methods can be reduced the copper loss and the torque ripple compared with six-step method since PWM method switching frequency is higher than six-step method, but the switching loss becomes increased. The switching loss is more prominent when the switching frequency is increased and the DC link voltage becomes higher [4] . Therefore, in order to overcome these limitations of the two-level inverter efficiency and performance, a three-level inverter is being researched in various applications for further improvement of energy efficiency, reliability, power and density [5] .
The multi-level topology such as the three-level inverter has been developed to drive medium-voltage level (DC link voltage: 600V~2500V) and high-voltage level (DC link voltage: 2500V~) since a semiconductor voltage blocking capability in conjunction is limited. Furthermore, it is verified that the multi-level topology offered a superior harmonic spectrum, lower overvoltage stress at cable and end windings of motors, lower common-mode voltage and lower switching loss [6] . Among various well-established multi-level topologies, the neutral-point clamped inverter (NPCI), flying capacitor inverter (FCI), and cascaded Hbridge inverter (CHBI) have been widely used and investigated as shown in Fig. 1 [7] [8] [9] [10] [11] [12] [13] [14] [15] . For these topologies, the switching loss in each switch is half and the conduction losses become double of the counterpart of the two-level inverter due to the two switch series connection. Therefore, these three-level inverter topologies are not suitable for low-voltage and low-power applications. To overcome these characteristics in the multi-level topology, the three-level T-type inverter (3LTI) has been proposed for
Fig. 1. Conventional multi-level inverter topologies
the high efficiency and performance in low-voltage applications [16] . Even though the 3LTI is generally evaluated and investigated to apply in low-voltage industrial systems [17, 18] , it has difficulties to apply in low-voltage and low-power home appliances such as refrigerators and air conditioners because the increased efficiency is not sufficient due to its complexity and cost problem. More accurately, since the utilization rate of switches is varied according to the modulation index (MI), the 3LTI has together higher and lower efficiency points. Therefore, in this paper, the maximum efficiency operation strategy for the 3LTI in entire operation areas is proposed. With the proposed strategy, the 3LTI is always operated in the maximum efficiency point in low-voltage and low-power applications. The proposed strategy is theoretically explained in detail and its validity is verified by experiment results.
General Characteristics of Three-Level

T-type Inverters
Operational principle
Basically, the output bridge can be connected one of three states: The 3LTI is implemented by comparing the reference voltage with two triangular waves which are corresponding to the high-side capacitor voltage (V DC1 ) and low-side capacitor voltage (V DC2 ). During the period of the positive reference, S X, High and S X, N1 are operated complementary through the relationship between the reference voltage and the triangular wave corresponding to V DC1 , and S X, N2 is kept on-state in order to guarantee the current path through the anti-parallel diode of S X, N1 . Therefore, it is possible to control the phase voltage in the period of the positive reference. On the contrary, during the period of the negative reference, S X, Low and S X, N2 are operated complementary through the relationship between the reference voltage and the triangular wave corresponding to V DC2 , and S X, N1 is kept on-state. Then, since improper voltage sharing on DC link capacitors leads to an overvoltage on switches and, a failure of the 3LTI, the capacitor voltage change should be reflected in the triangular wave to maintain the DC link voltage balancing.
Analysis of operating modes
One phase of the T-type inverter has six operating modes according to the direction of the output current (i X ) and reference voltage (V X, RER ) as shown in Fig. 3 The proportion of each period is changed according to the phase delay. If the phase delay is increased, the proportion of period 1 and period 3 is increased, but the proportion of period 2 and period 4 is decreased. Furthermore, the utilization rate of S X, High and S X, Low is changed according to the magnitude of V X, REF . If the size of V X, REF is bigger than the present value, S X, High and S X, Low are more frequently used. As a result, in the high MI areas, the 3LFI and the two-level inverter are similar in the utilization rate of switches. Therefore, the 3LFI efficiency is influenced by the phase delay and the MI.
Proposed Maximum Efficiency Operation Algorithm
Utilization rate of switch for 3LTI
The utilization rate of switches for the 3LTI is influenced by the MI, switching method and reference voltage angle. Especially, the utilization rate of switches is instantaneously varied according to the angle of the reference voltage in each cycle. For example, when the angle of the reference voltage is 30°, the utilization rate of the V-phase switch is always two regardless of the MI and switching method since the V-phase reference voltage is zero voltage. However, in this case, the utilization rate of the U-phase switch and W-phase switch is varied according to the MI and switching method. Therefore, the instantaneous utilization rate of the switch (S θ ) for the SVPWM 3LTI can be calculated as
where V SN is the offset voltage according to the switching method and θ is the angle of the reference voltage. Basically, regardless of the MI and switching method, the average utilization rate of switches for the two-level inverter is always three. The average utilization rate of switches for the three-level NPCI and FCI is always six. However, the average utilization rate of switches for the 3LTI is changed based on the MI and switching method as shown in Table 1 . Neutral point switches are more used compared with high-side and low-side switches in the low MI. Since if the MI is increased, the utilization rate of high-side and low-side switches is also increased, the average utilization rate of switches is decreased. Therefore, if the MI is low, conduction losses of the 3LTI are similar to the three-level NPCI and FCI. However, if the MI is sufficiently high, conduction losses of the 3LTI are similar to the two-level inverter. Furthermore, in the case of using a discrete pulse width modulation, the average utilization rate of switches is much more decreased.
Efficiency calculation method and proposed maximum efficiency operation algorithm
Commonly, switching losses can be calculated by using the switching energy and switching frequency. However, since all switching actions during a fundamental period have to be considered, two assumptions are required. First, the switching frequency (f SW ) is higher than the fundamental frequency. Second, the switching actions evenly distributed over the fundamental period. Therefore, the average switching energy losses (E SWITCH ) and the switching losses (P SWITCH ) can be expressed as
where V SWITCH is the switching voltage, and V BASE is the reference switching voltage, used in the datasheet. Using these two value, the switching energy is linearly scaled. θ represents the current angle, I PEAK is the maximum current value, and α 1 and α 2 represent the switching intervals within one fundamental period. A and B are the curvefitting constants for IGBTs (A S , B S ) and diodes (A D , B D ) switching energy. In order to calculate the 3LTI switching losses, operation switches are classified depending on the switching intervals as shown in Table 2 . V SWITCH is determined according to the connection position of the operation switch. The highside and low-side switches (S X, High , S X, Low ) have to block the full DC link voltage. However, since the full DC link voltage is blocked by using two IGBTs in the neutral point switches (S X, N1 , S X, N2 ), V SWITCH of the neutral point switches is half of the full DC link voltage. Therefore, based on Table 2 , the average switching losses for each switch can be calculated as , ,
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where ø represents the phase delay angle. Conduction losses can be calculated using the conduction I-V characteristics of the IGBT and anti-parallel diode. These characteristics can be approximated by using two curve-fitting constants with instantaneous current (i), on-state zero-current saturation voltage (V 0 ) and on-state resistance (R)
Then, the average conduction losses (P CON ) can be expressed as where D is a duty cycle, and β 1 and β 2 represent conduction angle intervals within one fundamental period. The conduction interval and conduction switch can be classified as shown in Table 3 . For example, in period 2, mode 4 and mode 5 are operated complementary by using S X, High , D X, N1 and S X, N2 . Therefore, the conduction interval can be determined as 0~(π -ø). The duty cycle is assumed according to the output bridge state change. Based on 
where V 0,S and R S is the IGBT on-state zero-current saturation voltage and on-state resistance, V 0,D and R D is the diode on-state zero-current saturation voltage and onstate resistance, respectively. Therefore, total conduction losses for the 3LTI can be calculated as Table 4 shows calculation results of switching and conduction losses according to the MI in the half and full load condition. Conduction and switching losses are calculated based on the IKP10B60T (600V, 10A, Infineon), which was selected to implement the low-voltage and lowpower 3LTI prototype. The percent value represents the ratio of the 3LTI calculation result according to the MI compared with the two-level inverter. 3LTI switching losses are smaller than two-level inverter, and conduction losses are varied from 193% to 133% according to the MI. Consequentially, the 3LTI has together higher and lower 
(2π -ø) ~ 2π 1 -MIsin(θ + ø) P 0 Table 4 efficiency areas compared with the two-level inverter. Especially, in the high MI, the 3LTI efficiency is higher than the two-level inverter. The magnitude and ratio of the calculated loss might be changed according to the electrical characteristics of the switching device, the overall trend of loss analysis could be similar to the evaluated results in Table 4 . If the 3LTI is applied in the low-voltage and low-power home appliance such as refrigerators and air conditioners, compared with the two-level inverter, it has low efficiency in the low speed region, but it has high efficiency in the high speed region. Especially, due to the low power factor, the efficiency is much lower in the low-load and low-speed region since the proportion of conduction losses is further increased.
The 3LTI consists of the general two-level inverter and six IGBTs. Six IGBTs are connected between the DC link midpoint and each output bridge in order to generate the zero voltage in the two-level inverter. Therefore, unlike the other well-known three-level inverter such as NPCI, FCI and CHBI, the 3LTI is possible the selective operation as shown in Fig. 6 , such as the two-level operation mode and the three-level operation mode. If the operation mode is selected to drive maximum efficiency according to the load current, MI and power factor as shown in Fig.  7 , the 3LTI is possible to always obtain the maximum efficiency. Based on each mode efficiency, the 3LTI is operated two-level operation mode in low-speed region, and it is operated three-level operation mode in high-speed region.
Experimental Results
A prototype of the 3LTI system was built to verify the validity of the proposed maximum efficiency operation strategy. Fig. 8 shows the entire block diagram of the 3LTI test-bed, along with the prototype. The strategy was implemented base on a digital signal process 28335, and 600-V 10-A Infineon IKP10B60T single IGBT is used for the 3LTI. Also, an interior permanent magnet synchronous motor (IPMSM) for a refrigerator driver system is applied to the experiment test-bed and the proposed strategy is verified under the operation condition of refrigerator. The conditions and parameters of the experiments are shown in Table 5 . The output waveform of the three-level operation mode and two-level operation mode are shown in Fig. 9 . Fig. 10 shows the 3LTI efficiency without and with the proposed strategy under half and full loads. In the low MI region such as 1000RPM and 1800RPM, the 3LTI efficiency is improved about 2% compared with the twolevel mode by using the proposed strategy. Similarly, in the half load condition, the 3LTI efficiency with the proposed strategy is improved about 2%. In the motor speed higher than 2000RPM, since the efficiency of the three-level operation mode is higher than the efficiency of the twolevel operation mode, the 3LTI with the proposed strategy is operated as the three-level operation mode. Fig. 11 shows 3LTI efficiency with the proposed strategy and the two-level inverter efficiency. In the low MI region, since the 3LTI is operated the two-level operation mode, the two-level inverter and the 3LTI efficiency are similar. However, in the middle and high MI region, the 3LTI efficiency is higher than the two-level inverter since the 3LTI is operated as the three-level operation mode. As a result, the 3LTI with the proposed strategy can be always obtained the maximum efficiency in all operation areas.
Conclusion
This paper has analyzed the maximum efficiency operation strategy for the 3LTI in low-voltage and lowpower home appliance. Unlike the other well-known three- level inverter such as the three-level NPCI and FCI, the efficiency of the 3LTI is effected by the utilization rate of switches. In the low MI region, the efficiency of the 3LTI is similar to the general three-level inverters since the utilization rate of switches is increased. However, in the high MI region, the efficiency of the 3LTI is similar to the two-level inverter since the utilization rate of switches is decreased. Therefore, compared with the twolevel inverter, the 3LTI has together higher and lower efficiency areas according to the MI. To overcome this characteristic, two operation mode selection strategy is proposed for maximum efficiency operation. Based on each mode efficiency, the 3LTI is operated two-level operation mode in low MI, and it is operated three-level operation mode in high MI. As a result, the 3LTI can always obtain the maximum efficiency in all operation areas. The validity of the proposed strategy has been verified by experimental results.
